A B S T R A C T Left ventricular end diastolic (LVEDP
INTRODUCTION
Myocardial function may be adversely affected in shock by a number of mechanisms. Not only will myocardial infarction and pulmonary embolism directly alter cardiac performance, but hemorrhagic, traumatic, and septic shock also may be accompanied by hemodynamic evidence of myocardial deterioration (1) (2) (3) (4) (5) . Cardiac failure in shock has been variously attributed to a reduction of coronary blood resulting from lowered aortic pressure (6) (7) (8) (9) , to the myocardial depressant effect of humoral substances (9, 10) , and to derangements in acid-base balance (11, 12) .
In clinical shock impairment of cardiac function is recognized by a reduced cardiac output associated with an elevated cardiac filling pressure. Because myocardial failure may supervene in shock of diverse etiologies, the central venous pressure (CVP) has been widely used in recent years as a bedside index of cardiac performance (13) . Monitoring of the CVP during therapeutic trials of volume expansion has helped to separate low output states due to volume depletion from those in which impairment of myocardial function is an important contributing factor (14) .
However, the CVP is a direct reflection only of right ventricular filling pressure. The causes of impaired cardiac performance in shock do not necessarily affect the two ventricles equally. Thus, myocardial infarction would be expected to result in predominant left ven-tricular failure (15) whereas pulmonary embolism should involve overload limited to the right ventricle (16) . The effect of circulating toxins and disturbances in myocardial nutrition on the relative function of the two ventricles has not been established. Although these nonspecific insults might be expected to eventuate in biventricular failure, it is not certain that right ventricular myocardial impairment leads to circulatory effects. The classical observation of Starr, Jeffers, and Meade (17) that severe right ventricular damage does not significantly alter hemodynamics implies that the generalized myocardial damage which may develop in the course of noncardiac forms of shock could result in predominant left ventricular failure.
If left ventricular failure occurs in shock in the absence of right ventricular failure, the CVP may be a misleading guide to the adequacy of cardiac function. Indeed, volume expansion in such situations might be hazardous. In order to gain some insight into the relationship between right and left ventricular function in shock, we monitor the changes in pressure during administration of vasoactive agents and during rapid volume expansion.
METHODS
Shock was recognized on the basis of a fall in auscultatory blood pressure accompanied by signs of inadequate peripheral blood flow and clinical deterioration of the patient's condition. Urine output was less than 20 ml/hr in all patients and most demonstrated absent or thready peripheral pulses, cool, moist skin, disturbance in sensorium, and lactic acidosis. Although auscultatory or palpatory systolic pressure was below 100 mm Hg in all patients, some still maintained at the time of study an intra-arterial pressure within the normal range (18) . Clinical data are shown in Table I . Informed consent for the procedure was obtained either from the patient or from his family. Hemodynamic procedures were carried out either at the patient's bedside in the intensive care unit or in a special laboratory adjoining this unit. The right atrium or intrathoracic vena cava was catheterized with a polyethylene catheter advanced through a 14G thin-walled needle introduced in the femoral, antecubital, jugular, or subclavian veins. Left ventricular catheterization was accomplished with a precurved radiopaque red Kifa polyethylene catheter (U. S. Catheter and Instrument Corp., Glens Falls, N. Y.) introduced percutaneously by the Seldinger technique in the femoral artery and advanced retrograde through the aortic valve. Initial studies were carried out under direct vision with a Siemens portable image intensifier. However, the ease of entering the left ventricle in these patients encouraged us to attempt the procedure blindly with the aid of a catheter designed with a tight terminal loop to prevent its entry into arterial branches (19) . Recent studies have thus (Table I) . Left ventricular mean diastolic pressure also was usually elevated, so that a rise in pressure immediately after atrial contraction was not an important factor in the elevated LVEDP. Right atrial pressure (RAP) was elevated in nine subjects but in five others RAP was within the normal range (up to 6 mm Hg). RAP and LVEDP tended to vary together (r = 0.723, P < 0.01). The regression line relating LVEDP to RAP exhibited a slope of approximately 1.0 but with a 0 intercept at an elevated LVEDP ( Fig. 2) . A significant correlation between LVEDP and RAP in these patients (r = 0.647, P < 0.05) formed a regression line deviated sharply toward the RAP axis (Fig. 1) . In seven patients RAP was either equal to or higher than LVEDP. The ratio between LVEDP and RAP averaged 0.82. CO measured in five subjects averaged 3.75 liters/min (Figs. 3 and 4) .
Isoproterenol administered to three subjects resulted in an increased CO (Table II) . RAP fell or remained constant, but LVEDP rose in two of the patients. Metaraminol infused in one patient produced slight increases in RAP and LVEDP without altering CO (Table III) . Angiotensin increased CO in another (Table I) . Several of the patients had already received therapeutic trials of plasma volume expansion before study. The correlation between RAP and LVEDP (r = 0.835) was highly significant. The values tended to fall between the regression lines for myocardial infarction and pulmonary disease (Fig. 1) . RAP averaged 5.8 mm Hg and LVEDP 11.1 mm Hg (Fig. 2) . The ratio of LVEDP to RAP averaged 1.88. CO in this group usually was higher, averaging 6.29 liters/min (Figs. 3 and 4) .
Infusion of vasoconstrictor drugs (norepinephrine, metaraminol, or angiotensin) increased LVEDP sharply in two of three patients whereas RAP was essentially unchanged (Table III) . Isoproterenol, on the other hand, reduced LVEDP in three patients (Table II) . (28) (29) (30) .
In contrast, shock complicating pulmonary embolism or severe lung disease was manifested by a shift to the right of the right ventricular function curve relative to the left ventricular curve. Indeed, in 7 of 10 patients RAP equaled or surpassed LVEDP. These findings are consistent with right ventricular strain associated with elevated pulmonary vascular resistance in pulmonary emboli or extensive parenchymal disease (16, 31) . Cardiac outputs were usually reduced in these patients, so that right ventricular function apparently was impaired. However, pulmonary arterial pressure probably was considerably increased and function curves utilizing stroke work rather than stroke volume (32) might have suggested less disturbance in right ventricular performance. The normal LVEDP recorded in all five patients with pulmonary embolism lends no support to previous clinical suspicions that left ventricular failure is a common occurrence in acute cor pulmonale (33) . However, two patients with emphysema and bronchopneumonia did 10 5 84 2014 exhibit slight elevations in LVEDP. It is possible that these elderly men had coexistent arteriosclerotic heart dlisease, but left ventricular failure also could be attributed to hypotension (7), circulating toxins (9, 10), lactic acidosis (12), or chronic lung disease (34) . In septic shock the preservation of a fairly normal relationship between LVEDP and RAP implies that no localized defect in cardiovascular function was present. Although cardiac output was normal in some of these patients, low cardiac outputs with elevated filling pressures in others indicated biventricular failure. Whether the cardiac failure in sepsis is due to reduced coronary blood flow or to humoral factors, both ventricles apparently are equally affected. The absence of predominant left ventricular failure in these patients suggests that under these clinical circumstances, in contrast to previous experimental observations (17) , right ventricular functional impairment may have hemodynamic effects.
The vasoactive drugs administered to these patients all would be expected to increase cardiac work. During infusion of angiotensin in two patients, a rise in peripheral resistance was accompanied by a constant or increased CO, consistent with our previous observations (35) . Since angiotensin lacks a potent inotropic effect (35) , the increased left ventricular work was accomplished at least in part by an increase in myocardial fiber length manifested in these patients by a sharp rise in LVEDP. A similar response has been noted in this laboratory within a few minutes after intravenous admin- A RAP (mmHg) FIGURE 7 Regression lines for the change in LVEDP related to change in RAP following dextran infusion. The shaded area represents one standard error on either side of the calculated lines. Note that the patients with myocardial infarction and sepsis share a similar regression line which reflects a greater rise in LVEDP than in RAP. In contrast, patients with cor pulmonale exhibit a disproportionate rise in RAP.
istration of digitalis to patients with cardiogenic shock. An acute rise in aortic pressure associated in several patients with a sharp rise in LVEDP has been attributed to a peripheral vasoconstrictor effect of digitalis preceding the inotropic effect (36) . The inotropic agents used in this study all would be expected to increase myocardial oxygen consumption (37), whether they induced peripheral vasoconstriction, like norepinephrine and metaraminol (38) , or vasodilatation, like isoproterenol (39) . Although the inotropic effects of these drugs could allow the ventricle to perform more work without an increase in diastolic volume, the increase in contractility would depend on adequate myocardial oxygen supply (40) . CO usually rose only slightly during infusion of metaraminol or norepinephrine, but a sharp rise in ventricular work was associated in three patients with an increase in LVEDP. Infusion of isoproterenol usually led to a considerable increase in CO. It is of interest, however, that LVEDP fell during isoproterenol administration in patients with septic shock, in whom coronary blood flow presumably was adequate to supply the increased myocardial oxygen demands, but often rose in patients with myocardial infarction. In some of these latter patients the peripheral vasodilator effect of isoproterenol led to a reduction in aortic pressure which may have actually reduced coronary flow. Thus, vasoactive drugs apparently may aggravate left ventricular failure in shock by two independent mechanisms: (a) if arteriolar constriction occurs in the absence of a direct inotropic effect, and (b) if an induced increase in cardiac work or myocardial contractility is not accompanied by an adequate rise in coronary blood flow. Furthermore, the changes in LVEDP in these circumstances when left ventricular work was acutely altered often were not accompanied by comparable changes in RAP.
Since rapid volume expansion does not alter the inotropic state of the ventricle, monitoring of the LVEDP and RAP during infusion of dextran affords a description of the relative shape of the ventricular function curves. This information is of particular importance because normal and abnormal cardiac function curves tend to converge at lower ventricular end diastolic pressures and the degree of functional impairment may thus be masked (27) . Intravenous infusions, which must traverse the right heart before affecting left ventricular filling, might be expected to result in a disproportionate rise in RAP when administered to a patient with an isolated defect in right ventricular emptying. This response was observed in those patients with primary pulmonary and pulmonary vascular lesions. RAP was increased to abnormally high levels in all patients whereas LVEDP usually rose more slowly and remained within the normal range in three of the five patients studied (Fig. 6 ).
In patients with myocardial infarction or sepsis, rapid infusion of dextran led to a slightly greater increase in LVEDP than in RAP. The ratio of the rise in LVEDP compared to the rise in RAP was generally consistent with the normal LVEDP: RAP gradient. In the small group of patients the response in sepsis was not noticeably different than the response in myocardial infarction and the results were therefore pooled (Fig. 7) . It is possible that a larger series would reveal a tendency for a predominant rise in LVEDP during volume expansion in myocardial infarction similiar to the response of patient J. S. However, in no instance in any patient with shock have we observed a rise in LVEDP during dextran infusion without a concomitant increase in RAP. When left ventricular performance is severely impaired as in the patients with myocardial infarction, a rise in RAP without much increase in cardiac output signifies functional impairment of the right ventricle. Since RAP was increased initially in most of the patients with shock after myocardial infarction or rose after volume expansion, there usually was hemodynamic evidence of right ventricular failure. It is possible that the myocardial infarction in some of these patients involved the right ventricular wall or septum, or that preexisting left ventricular failure had resulted in chronic right ventricular strain. However, the progressive rise in RAP observed during acute volume loading in patients with predominant left ventricular failure suggests that the right ventricle may serve as a sump which enlarges with the left ventricle as venous return is augmented, thus protecting the lungs from sudden increases in blood volume. Such a functional interdependence of the two ventricles is not surprising considering their anatomic relationship in the same muscular framework (41) . Whether this dilatation of the right ventricle should be classified as right ventricular failure or interpreted as a protective reservoir function of the right ventricle is perhaps a matter of semantics. Nonetheless, the observations could cast doubt on the classical hypothesis that right heart failure commonly develops after left heart failure as a result of the chronic strain of an elevated pulmonary arterial pressure (42) . Pulmonary artery pressures were not measured in these patients and might well have been elevated, but it is more attractive to postulate that in chronic heart failure an expanded blood volume and (or) a constricted vascular capacitance lead to a gradual increase in venous return which, like acute volume loads, results in dilatation of the right ventricular reservoir.
The evidence of left ventricular failure either initially or after volume expansion in all patients with shock after acute myocardial infarction in this series does not appear to favor reduced cardiac filling as a common factor in the pathogenesis of shock. However, Nixon, Taylor, and Morton (43) reported a patient with low LVEDP and our own previous experience (14, 44) and that of others (45, 46) has suggested that volume expension may have considerable therapeutic benefit in some patients with myocardial infarction shock. It is possible that this series failed, by chance, to include an individual in whom hypovolemia was the predominant cause of the shock. This syndrome in acute myocardial infarction may be less common today than in the past because of a decline in the use of vasoconstrictor agents, which tend to deplete circulating plasma volume (47) .
Indeed, Patient J. S., whose control LVEDP was normal, had received a short infusion of norepinephrine just before study. It is also possible that further increments in circulating volume may increase blood flow even in patients with left ventricular failure by allowing the ventricle to operate further out on its impaired function curve. Such was apparently the case in one of our patients with myocardial infarction, in whom cardiac output rose from 4.29 to 5.21 liters/min as LVEDP increased from 12 to 20 mm Hg after infusion of 500 ml dextran. More data must be obtained before the relationship between left ventricular volume and left ventricular output after myocardial infarction is understood.
In managing the patient with shock, the physician usually must rely on changes in CVP (RAP) as a guide to the adequacy of cardiac function. The data obtained in this study provide a clearer understanding of the significance of the CVP in various clinical settings. In patients with pulmonary emboli or extensive pulmonary disease, the CVP is often higher than the LVEDP (Fig. 1) and usually rises faster than the LVEDP during volume expansion (Fig. 7) . Thus, large increases in CVP may be necessary in these patients to significantly augment left ventricular filling. -In septic shock, the CVP probably serves as a fairly reliable guide to LVEDP (Fig. 1 ) except when vasoactive drugs acutely alter ventricular work. Although a positive correlation was observed between RAP (CVP) and LVEDP in patients with myocardial infarction, the level of the CVP was not a reliable guide to the severity of left ventricular failure (Fig. 1) . The disparity between LVEDP and CVP often was further exaggerated during administration of vasoactive drugs (Fig. 5) . Fortunately.
however, increments in venous return apparently are reflected by a rise in CVP even in the presence of isolated left ventricular failure (Fig. 7) . Therefore, pulmonary edema resulting from left heart failure should not be precipitated during dextran infusion without a rise in CVP. However, since the CVP could be nearly normal in patients with severe left ventricular failure, close attention must be given to even small changes in CVP during fluid administration when acute myocardial infarction is suspected.
